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 Ene-yne metathesis of polyunsaturated norbornene derivatives  
Donatella Banti, Elisabetta Groaz and Michael North,a* 
Department of Chemistry, King’s College London, Strand, London, WC2R 2LS, UK 
 
Abstract—Norbornene derivatives bearing endo-substituents in the 5- and 6-positions were studied as substrates for ene-yne metathesis 
cascades. Substrates which contained an internal alkyne and a terminal alkene or alkyne in each sidechain were found to undergo a 
metathesis cascade leading to pentacyclic bis-dienes and bis-trienes. Attempts to extend the chemistry further to sidechains containing two 
internal alkynes or two internal alkynes and a terminal alkene were not successful with the first generation Grubbs’ catalyst. However, the 
substrate containing two internal alkynes did react with the second generation Grubbs’ catalyst to give a tetra-diene containing product. © 
2010 Elsevier Science. All rights reserved 
——— 
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1. Introduction 
The discovery by Grubbs of the air stable ruthenium 
complex 1 has sparked an enormous increase in interest in 
alkene metathesis.1 The related reaction of ene-yne 
metathesis1 is less well known, but is also catalysed by 
complex 1. Ene-yne metathesis has the advantage of being 
a 100% atom economical reaction which converts an alkene 
and an alkyne into a diene. In recent years a number of 
other ruthenium based metathesis initiators have been 
developed including the ‘second generation’ catalyst 2,2 
and complexes 3 and 4 developed by the Ciba group.3 
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Recently, we have shown that readily available substrates 5 
and 6 undergo a cascade of alkene and ene-yne metathesis 
reactions when treated with catalyst 1, leading to 
stereochemically controlled tricyclic products which 
undergo Diels-Alder reactions to give (up to) heptacyclic 
products (Scheme 1).4,5,6 In this paper, we report the 
extension of this metathesis cascade to the more complex 
substrates 7 and 8 in which each sidechain attached to the 
norbornene ring contains an internal alkyne and either a 
 
Pergamon 
 
TETRAHEDRON 
 Tetrahedron  2
terminal alkene or a terminal alkyne.7 The attempted 
metathesis of substrate 25 containing two internal alkynes 
in each chain and compound 29 containing two internal 
alkynes and a terminal alkene in each chain will also be 
discussed. 
2. Results and discussion 
Bis-ene-yne 7 and tetrayne 8 were prepared from butyne-
1,4-diol as shown in Scheme 2. Thus, treatment of allyl or 
propargyl bromide with an excess of the diol resulted in 
formation of the corresponding mono-ethers 98 and 109 in 
high yield. The ethers could be brominated by treatment 
with triphenylphosphine and tetrabromomethane to give the 
desired bromides 119,10 and 12 in 69% yield. Reaction of 
compounds 11 or 12 with endo-cis-5,6-dihydroxynorborn-
2-ene11 gave the desired metathesis precursors 7 and 8 
respectively. 
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The metathesis of compound 7 was investigated using 
catalysts 1 and 2. Initial reactions carried out under an inert 
atmosphere failed to give any identifiable products. 
However, when the atmosphere was changed to ethene,12 a 
mixture of three products (13-15) was obtained as shown in 
Scheme 3. In each case, the starting material had undergone 
ring-opening metathesis of the norbornene ring and 
subsequent ring-closing ene-yne metathesis, but the 
products differed in the extent to which they had undergone 
a subsequent ring-closing metathesis with the terminal 
alkene. The results are summarized in Table 1. 
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At room temperature using 5 mol% of catalyst 1, 
compounds 13-15 were obtained in 65% overall yield with 
the fully metathesized product 15 as the major product 
(Entry 1). No improvement in the ratio of the products, or 
the total yield was observed if the reaction time was 
extended (Entry 2), and increasing the reaction temperature 
was detrimental to both the yield and product ratio (Entries 
3 and 4). The second generation catalyst 2 was also tested 
as a catalyst for the ene-yne metathesis of compound 7. 
However, this catalyst failed to induce any metathesis of 
substrate 7 either at room temperature (Entry 5) or in 
refluxing dichloromethane (Entry 6), and the same result 
was obtained if the reaction was carried out under a 
nitrogen atmosphere. Catalyst 2 has previously been 
reported13 to be a poor initiator for the ROMP of 
norbornene due to a poor initiation to propagation ratio. 
This observation may have some relevance to the failure of 
catalyst 2 to initiate the metathesis of compound 7.  
Table 1: Metathesis reactions on substrate 7a 
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Entry Catalyst (mol%) Temp (oC) Time (h) Conversion 13 (%) 14 (%) 15 (%) 
1 1 (5) r.t. 20 95 18 14 33 
2 1 (5) r.t. 69 95 16 22 28 
3 1 (5) 35 4 100 8 13 12 
4 1 (5) 35 20 100 13 6 16 
5 2 (5) r.t. 20 0    
6 2 (5) 35 22 0    
7 3 (5) r.t. 24 0    
8 4 (5) r.t. 24 40b    
9 3 (5) 35 38 40b    
10 4 (5) 35 38 80b    
11 1 (5) + 2 (5) 35 24 100 15 6 43 
a) All reactions were carried out in dichloromethane under an ethene atmosphere. b) The ratio of compounds 13-15 was only determined for reactions which 
proceeded to at least 95% conversion. 
The use of catalysts 3 and 4 for the metathesis of 
compound 7 was also investigated. At room temperature, 
catalyst 3 (5 mol%) failed to react with substrate 7 (Entry 
7), whilst catalyst 4 gave a 40% conversion after 24 hours 
(Entry 8). When the reaction was carried out in refluxing 
dichloromethane, both catalysts were more reactive; 
catalyst 3 giving a 40% conversion (Entry 9) and catalyst 4 
an 80% conversion (Entry 10). 
The overall conversion of substrate 7 to pentacyclic product 
15 involves the elimination of one molecule of ethene and 
so will be retarded by the presence of an ethene 
atmosphere. However, the fact that no reaction occurs 
under a nitrogen atmosphere; and the isolation of 
compounds 13 and 14 indicate that the reaction actually 
occurs through a series of steps, some of which require 
ethene and some of which generate ethene. The conversion 
of substrate 7 into compound 13 requires one equivalent of 
ethene, and the subsequent conversions of 13 into 14 and 
14 into 15 each release one equivalent of ethene. Hence, the 
early stages of the cascade leading to compound 15 are 
favoured by an ethene atmosphere, whilst the latter stages 
are inhibited by the presence of excess ethene. Therefore, a 
series of reactions were carried out in which after initial 
reaction with catalyst 1 under an ethene atmosphere, 
additional catalyst was added and / or the atmosphere was 
changed. The results of these reactions are summarized in 
Table 2.  
Simply adding a second batch of catalyst 1 did not improve 
the yield or ratio of products 13-15 (Entry 1). 
Simultaneously changing the atmosphere to nitrogen did 
double the amount of product 14 produced, but 
disappointingly did not increase the amount of product 15 
or the overall yield (Entry 2). More encouraging results 
were obtained when the second batch of catalyst added was 
catalyst 2, since under either an inert or ethene atmosphere, 
at room temperature or in refluxing dichloromethane, 
compound 15 was the only product isolated, though with no 
improvement in its yield (Entries 3 and 4). These results 
suggested that the replacement of the ethene atmosphere by 
nitrogen made no difference to the outcome of the reaction, 
but also suggested that catalyst 2 was beneficial to the later 
stages of the metathesis cascade although as shown by 
entries 5 and 6 of Table 1, it was unable to initiate the 
cascade. Therefore, an experiment was conducted in which 
catalysts 1 and 2 were simultaneously added to substrate 7 
under an ethene atmosphere (Table 1: entry 11) and 
gratifyingly, this resulted in the highest isolated yield for 
compound 15. 
Table 2: Two stage metathesis of substrate 7a 
Entry 
Second 
catalyst 
(mol%) 
Atmosphere 
for second 
stage 
Temp 
(oC) 
13 
(%) 
14 
(%) 
15 
(%) 
1 1 (5) ethene r.t. 15 11 33 
2 1 (5) nitrogen r.t. 16 22 28 
3 2 (5) nitrogen r.t 0 0 36 
4 2 (5) ethene 35 0 0 37 
a) In all cases the reaction was first treated with catalyst 1 (5 mol%, except 
entry 2 where 10 mol% was used) under an ethene atmosphere at the same 
temperature specified in the table for the second stage. The first stage of 
the reaction was left for 4-43 hours until all starting material had been 
consumed, and the second stage was left overnight. 
An attempt was made to carry out a dissymmetric 
metathesis of substrate 7 using allyl trimethylsilane in place 
of the ethene atmosphere as previously reported for 
substrates 5 and 6.4 However, when substrate 7 was treated 
with catalyst 1 in the presence of allyl trimethylsilane, 
symmetrical bis-diene 15 was the only product isolated in 
20% yield. Catalyst 1 can react with the terminal alkenes of 
substrate 7 to generate ruthenium complex 16. The 
monophosphine species derived from compound 16 is 
known to be an extremely reactive metathesis initiator, and 
can react with substrate 7 to generate diene 15 without any 
external alkene (allyl trimethylsilane or ethene) being 
involved in the catalytic cycle. Thus, it is not possible to 
carry out dissymmetric metatheses of compounds such as 7 
which contain a terminal alkene. 
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Having optimized the metathesis of substrate 7, the 
metathesis of the analogous bis-diyne 8 was investigated. 
In this case however, all possible products resulting from 
metathesis of compound 8 involve the overall addition of 
one molecule of ethene to the substrate. Therefore, all 
reactions had to be carried out under an ethene atmosphere. 
The metathesis of substrate 8 by catalyst 1 was found to be 
relatively slow, and required two additions of 5 mol% of 
catalyst 1, 48 hours apart and a total reaction time of 96 
hours. Under these conditions, products 17-19 were 
obtained in 2:4:3 ratio and in 46% overall yield as shown in 
Scheme 4. By using six consecutive additions of 5 mol% of 
catalyst 1, with a 24 hour reaction time between each 
addition, it was possible to avoid the formation of 
compound 17, and compounds 18 and 19 were obtained in 
1 : 2 ratio and in 53% overall yield. Raising the reaction 
temperature to 35 oC did not improve the yield or ratio, and 
catalyst 2 was totally inactive with substrate 8. 
Simultaneous or sequential addition of catalysts 1 and 2 
was also not advantageous for this substrate. 
Comparing substrates 7 and 8, it is apparent that both 
substrates readily undergo ring-opening metathesis of the 
strained norbornene ring followed by ring-closing ene-yne 
metathesis and cross metathesis with ethene to give 
compounds 13 and 17 respectively. However, subsequent 
ring-closing diene-ene metathesis of compound 13 to give 
14 and 15 is far more facile than the ring-closing diene-yne 
metathesis of compound 17 to give compounds 18 and 19. 
These ring-closing metatheses can occur by two different 
mechanisms (Schemes 5 and 6). In the case of compound 
13 (Scheme 5), any metathesis catalyst can react with the 
terminal alkene (Scheme 5: Route A) to generate a 
ruthenium alkylidene complex 20 which can cyclise onto 
the diene, forming product 14. Alternatively, the metathesis 
catalyst could react with the diene (Scheme 5: Route B) to 
form conjugated ruthenium alkylidene complex 21 which 
could cyclise onto the terminal alkene to form product 14. 
In both cases, the same metathesis cascade carried out on 
compound 14 would lead to compound 15. Of these two 
processes, Route A seems more likely for both steric and 
electronic reasons. In particular, it is well known that 
dienes make poor substrates for metathesis reactions,1 so it 
is unlikely that the metathesis catalyst would react with the 
diene in the presence of a terminal alkene. 
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The situation with substrate 17 is more complicated. Again, 
there are two possible routes (Scheme 6: Route A and B) 
for the conversion of compound 17 into compound 18 and 
the same two processes will convert 18 into 19. If the initial 
reaction occurs on the terminal alkyne (Scheme 6: Route 
A), then this must involve complex 16 as the metathesis 
catalyst since the methylidene unit of catalyst 16 is also 
added to the alkyne. This would form conjugated 
alkylidene 22 which could cyclise onto the diene to form 
product 18. The alternative process (Scheme 6: Route B) 
involves any of the metathesis catalysts (1, 2, 16) reacting 
with the diene unit to generate conjugated alkylidene 23 
which can cyclise onto the alkyne to generate the more 
highly conjugated alkylidene 24. Formation of product 18 
from alkylidene 24 requires a cross metathesis reaction 
with a terminal alkene. This could be ethene (which would 
give catalyst 16 as the ruthenium containing product), or 
the diene of another molecule of compound 17. In the case 
of compound 17, it is not clear which of the two 
mechanisms is more likely. However, whichever route the 
reaction follows, the metathesis catalyst must react with a 
relatively unreactive alkyne or diene,1 and this may explain 
the difference in reactivity between compounds 13 and 17. 
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To further explore the scope of this metathesis cascade 
chemistry, two additional substrates were prepared. 
Compound 25 is analogous to substrate 8 except that the 
terminal alkyne has been replaced by an internal one. This 
substrate was prepared by the same chemistry developed 
for the synthesis of compounds  7 and 8 (Scheme 2) via 
alcohol 26 and alkyl bromide 27. All attempts to 
metathesise compound 25 using catalyst 1 under a nitrogen 
or ethene atmosphere were unsuccessful and resulted only 
in recovery of unreacted starting material. Treatment of 
substrate 25 with the second generation catalyst 2 was 
however more successful. Use of 10 mol% of the second 
generation catalyst at 60 oC in toluene under an ethene 
atmosphere over a period of one day resulted in the 
complete reaction of compound 25. Only one product (28) 
could be isolated from the reaction, albeit in low yield 
(Scheme 7). The formation of tetra-diene 28 can be 
explained by ring-opening metathesis of the norbornene 
and ring-closing ene-yne metathesis of the resulting 
terminal alkenes onto two of the internal alkynes to form 
the [5-6-5]-ring system and establish the two dienes which 
are fused to the six-membered rings. In a separate process, 
the remaining alkynes undergo cross-metathesis with 
ethene14 to form the other two dienes and produce 
compound 28. Either of these two processes could occur 
first, or they could occur at similar rates. Ring-closing bis-
diene metathesis of compound 28 (or ring-closing ene-yne 
metathesis of the precursor which still has a methyl-alkyne) 
appear not to occur at significant rates, thus preventing the 
formation of a pentacyclic product analogous to compound 
19. 
Scheme 7
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Finally, norbornene derivative 29 was prepared in which 
each sidechain contains two alkynes and a terminal alkene. 
Compound 29 was prepared as shown in Scheme 8. Thus, 
bromide 11 was reacted with but-2-yne-1,4-diol to form 
alcohol 30 which could be brominated to form propargylic 
bromide 31. Reaction of compound 31 with endo-cis-5,6-
dihydroxynorborn-2-ene gave the desired norbornene 
derivative 29. However, all attempts to carry out metathesis 
reactions on substrate 29 using catalyst 1 in the presence of 
ethene were unsuccessful, and unreacted starting material 
was recovered. Thus, no reaction occurred at room 
temperature or at 35 oC in dichloromethane. Reactions 
carried out using catalyst 2 in refluxing dichloromethane or 
at 60 oC in toluene did result in consumption of the starting 
material, but no products could be isolated. 
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3. Conclusions 
The cascade metathesis of alkyne substituted norbornenes 
has been extended to substrates 7 and 8 leading to highly 
functionalized pentacyclic systems in a single step. The 
reactions illustrate that the metathesis catalysts 1 and 2 
have very different reactivities, and that the usual 
generalization that compound 2 is more reactive than 
catalyst 1 is not always valid. Thus, compound 2 will not 
start the metathesis cascades of compounds 7 and 8, but in 
the case of substrate 7, it was found that simultaneous 
addition of catalysts 1 and 2 gave better results than either 
catalyst used separately. 
Attempts to extend the chemistry to more complex systems 
were less successful. Whilst compound 25 reacted with 
catalyst 2 to generate tetra-diene 28 as the only isolable 
product in low yield, no products could be isolated from the 
metathesis of compound 29. 
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4. Experimental 
4.1 General methods 
1H and 13C NMR spectra were recorded in deuterated 
chloroform on Bruker Avance 360 (1H 360 MHz, 13C 90 
MHz) or Avance 500 (1H 500 MHz, 13C 125 MHz) 
spectrometers. Spectra were referenced to TMS and 
chemical-shift (δ) values, expressed in parts per million 
(ppm), are reported downfield of TMS. The multiplicity of 
signals is reported as singlet (s), doublet (d), triplet (t), 
quartet (q), multiplet (m), broad (br) or a combination of 
any of these. For 13C NMR spectra, the peak assignments 
were made with the assistance of DEPT experiments. For 
metathesis products, 1H and 13C resonance assignments 
were made with the aid of 1H-1H and 1H-13C correlation 
experiments. 
Infrared spectra were recorded on a Perkin-Elmer FT-IR 
Paragon 1000 spectrometer, as a thin film of the pure 
compound between NaCl plates. The characteristic 
absorption is reported as broad (br), strong (s), medium (m) 
or weak (w). Low and high resolution mass spectra were 
recorded at the EPSRC national service at the University of 
Wales, Swansea, or on a Bruker Apex III FTMS or Jeol 
AX505W spectrometer within the chemistry department at 
King’s College. The sample was ionized by electron 
ionization (EI), chemical ionization (CI), fast atom 
bombardment (FAB) or electrospray ionization (ESI). The 
major fragment ions are reported and only the molecular 
ions are assigned. 
Melting points were determined with a Buchi Melting Point 
apparatus No 520092 and are uncorrected. 
Chromatographic separations were performed with silica 
gel 60 (230-400 mesh) and thin–layer chromatography was 
performed on polyester backed sheets coated with silica gel 
60 F254, both supplied by Merck. 
4.2 Compound 7 
To a solution of 2,3-norbornen-5,6-diol11 (1.56 g, 12.4 
mmol), in dimethylformamide (15 ml) at 0 oC was added 
NaH (60% in mineral oil; 1.49 g, 37.1 mmol). The mixture 
was stirred for 1 hour at 0 oC, then bromide 119,10 (7.02 g, 
37.1 mmol) was added. The mixture was then warmed to 
room temperature and stirred for 22 hours. After hydrolysis 
at 0 oC with water (20 ml), the mixture was extracted with 
diethyl ether (4 x 50 ml) and evaporated in vacuo. The 
residue was purified by flash chromatography 
(Hexane/Et2O 30/70) to give compound 7 (3.16 g, 75%) as 
an off-white oil. νmax 3300 (w), 3074 (m), 2976 (s), 2940 
(s), 2898 (s), 2855 (s), 2243 (w), and 1647 cm-1 (w); δΗ 
6.18 (2H, d J 1.5 Hz, HC=CH), 5.85 (2H, ddt J 17.2, 10.4, 
5.8 Hz, CH=CH2), 5.25 (2H, dd J 17.2, 1.6 Hz, =CH2trans), 
5.16 (2H, dd J 10.4, 1.50 Hz, =CH2cis), 4.21-4.20 (2H, m, 
CH-O), 4.20 (4H, t J 1.7 Hz, ≡CCH2O), 4.14 (4H, t J 1.7 
Hz, ≡CCH2O), 4.00 (4H, dt J 5.7, 1.2 Hz, CH2CH=), 3.05 
(2H, bs, =CHCH), 1.44 (1H, dt J 9.6, 2.2 Hz, CHCH2CH), 
1.30 (1H, d J 8.9 Hz, CHCH2CH); δC 133.4 (=CH), 132.9 
(=CH), 116.9 (=CH2), 81.6 (≡C), 81.2 (≡C), 76.9 (CHO), 
69.7 (CH2O), 56.5 (CH2O), 56.4 (CH2O), 44.8 (CH), 40.8 
(CH2); m/z (CI) 360 (M+NH4+, 100), 343 (MH+, 2); Found 
(CI) 360.2169, (M+NH4+) C21H30NO4 requires 360.2175. 
4.3 Metathesis of compound 7 using catalyst 1 
A solution of compound 7 (100 mg, 0.29 mmol) in dry 
dichloromethane (22 ml) was cooled to –78 °C and ethene 
was passed through the solution for 10 minutes. A solution 
of catalyst 1 (12.0 mg, 0.015 mmol) in dry dichloromethane 
(2 ml) was then added and after 15 minutes the mixture was 
warmed to room temperature and stirred for 20 hours. The 
solvent was then removed in vacuo and the residue 
subjected to flash chromatography (CH2Cl2/EtOAc 70/30) 
to give products 13-15. Compound 13, colourless oil: Yield 
(20 mg, 18%); νmax 3074 (m), 2934 (s), 2852 (s), 1640 (m), 
and 1604 cm-1 (w); δΗ 6.00-5.90 (2H, m, CH=CH2), 5.88-
5.87 (2H, m, HC=C), 5.24 (2H, s, C=CH2), 4.92 (2H, dd J 
17.3, 1.5 Hz, CH=CH2trans), 4.90 (2H, dd J 10.1, 2.0 Hz, 
CH=CH2cis), 4.82 (2H, s, C=CH2), 4.71-4.68 (8H, m, 
CH2OCH2), 4.26 (2H, d J 12.7 Hz, CH2OCH), 4.19 (2H, d 
J 12.7 Hz, CH2OCH), 3.77 (2H, dd J 1.5, 5.2 Hz, CHO), 
2.61-2.57 (2H, m, CHCH=), 2.00 (1H, dt J 13.3, 8.5 Hz, 
CHCH2CH), 1.52 (1H, dt, J 13.4, 4.4 Hz, CHCH2CH); δC 
140.5 (=CH), 137.8 (=C), 137.5 (=C), 122.6 (=CH), 115.0 
(=CH2), 114.5 (=CH2), 83.7 (CHO), 77.1 (CH2O), 75.6 
(CH2O), 71.6 (CH2O), 44.6 (CH), 36.2 (CH2); m/z (CI) 388 
(M+NH4+, 50), 371 (MH+, 7), 370 (M+, 3), 211 (100); 
Found (CI) 388.2485, (M+NH4+) C23H34NO4 requires 
388.2488. Compound 14, colourless oil: Yield (14 mg, 
14%); νmax 3076 (m), 2941 (s), 2852 (s), 2246 (m), and 
1640 cm-1 (s); δH 6.09-5.99 (2H, m, 2 x =CH), 5.60 (1H, bs, 
C=CHCH2), 5.57 (1H, d J 5.5 Hz, CHCH=C), 5.24 (1H, s, 
C=CH2), 4.90-4.86 (2H, m, CH=CH2), 4.86 (1H, s, 
C=CH2), 4.71-4.67 (8H, m, CH2OCH2), 4.43 (1H, d J 14.2 
Hz, =CCH2O), 4.2-4.1 (3H, m, =CCH2O), 3.91-3.89 (1H, 
m, CHO), 3.84 (1H, dd J 8.5, 4.2 Hz, CHO), 2.82 (1H, ddd 
J 18.5, 8.7, 5.8 Hz, CH2CH), 2.26-2.24 (1H, m, CH2CH), 
2.15 (1H, dt J 13.0, 9.0 Hz CHCH2CH), 1.47 (1H, ddd J 
13.0, 9.2, 5.7 Hz, CHCH2CH); δC 141.1 (=CH), 137.3 (=C), 
137.2 (=C), 136.4 (=C), 129.2 (=C), 125.8 (=CH), 123.4 
(=CH), 119.8 (=CH), 115.6 (=CH2), 114.8 (=CH2), 81.6 
(CHO), 77.3 (CHO), 77.2 (CH2O), 77.0 (CH2O), 75.6 
(CH2O), 75.1 (CH2O), 71.3 (CH2O), 65.2 (CH2O), 45.6 
(CH), 36.7 (CH), 36.0 (CHCH2CH); m/z (CI) 360 
(M+NH4+, 12), 343 (MH+, 3), 211 (100); Found (CI) 
360.2169, (M+NH4+) C21H30NO4 requires 360.2175. 
Compound 15, white solid: Yield (30 mg, 33%); mp 148-
165 oC (decomp.); νmax 2930 (m), 2852 (s), 2246 (m), and 
1644 cm-1 (m); δH 5.60 (2H, s, C=CHCH2), 5.55 (2H, d J 
4.2 Hz, C=CHCH), 4.72-4.66 (8H, m, CH2OCH2), 4.48 
(2H, d J 15.0 Hz, =CCH2O), 4.20-4.14 (4H, m, CHOCH2), 
2.31 (2H, bs, CH2CHCH=), 1.98 (1H, dt J 11.9, 6.4 Hz, 
CHCH2CH), 1.50 (1H, q J 12.1 Hz, CHCH2CH); δC 136.4 
(=C), 130.3 (=C), 124.3 (=CH), 120.0 (=CH), 77.2 (CHO), 
77.0 (CH2O), 75.1 (CH2O), 65.8 (CH2O), 39.6 (CH), 36.4 
(CH2); m/z (CI) 332 (M+NH4+, 100), 315 (MH+, 22), 314 
(M+, 11), 211 (35); Found (ES) 315.1592, (MH+) C19H23O4 
requires 315.1596. 
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4.4 Metathesis of compound 7 using catalysts 1 and 2 
A solution of compound 7 (100 mg, 0.292 mmol) in dry 
dichloromethane (22 ml) was cooled to –78 oC and ethene 
was passed through the solution for 10 minutes. A solution 
of catalyst 1 (12.0 mg, 0.015 mmol) and catalyst 2 (12.4 
mg, 0.015 mmol) in dry dichloromethane (3 ml) was then 
added and after 15 minutes the mixture was warmed to 35 
oC and stirred for 24 hours. The solvent was then removed 
in vacuo and the residue subjected to flash chromatography 
(CH2Cl2/EtOAc 70/30) to give compounds 13 (16.2 mg, 
15%), 14 (6.0 mg, 6%) and 15 (39.5 mg, 43%). Analytical 
data for these compounds was reported in experiment 4.3. 
4.5 5-Oxa-octa-2,7-diyn-1-ol 10 
To a suspension of KOH (46.4 g, 827 mmol), in DMSO 
(400 ml) were added propargyl bromide (19.7 g, 165 
mmol) and but-2-yne-1,4-diol (70.3 g, 827 mmol). The 
mixture was then stirred for 60 minutes, poured into water 
and extracted with dichloromethane (3 x 200 ml). The 
aqueous phase was then acidified with aqueous HCl (6N, 
80 ml) and further extracted with dichloromethane (3 x 200 
ml). The combined organic phases were reduced in volume 
to 500 ml, washed with H2O (6 x 150 ml), dried (MgSO4) 
and evaporated in vacuo. The residue was dissolved in 
ether (300 ml) and washed with water (6 x 40 ml). The 
organic layer was dried (MgSO4), and evaporated in vacuo. 
The residue was purified by distillation (120 oC at 17 
mmHg) to give alcohol 10 (11.5 g, 56%) as a colourless oil. 
νmax 3400 (s), 3288 (s), 2909 (s), 2860 (s), 2117 (m), and 
1632 cm-1 (m); δH 4.35 (2H, s, OCH2C≡CCH2O), 4.24 (2H, 
s, OCH2C≡CCH2O), 4.19 (2H, d J 2.4 Hz, OCH2C≡CH), 
2.41 (1H, t J 2.4 Hz, ≡CH), 2.22 (1H, bs, OH); δC 85.8 
(≡C), 81.0 (≡C), 79.1 (≡C), 75.6 (≡CH), 57.2 (CH2O), 56.9 
(CH2O), 51.3 (CH2O); m/z (CI) 142 (M+NH4+, 100); Found 
(CI) 142.0870, (M+NH4+) C7H12NO2 requires 142.0868. 
4.6 1-Bromo-5-oxa-octa-2,7-diyne 12 
To a solution of alcohol 10 (11.3 g, 93.1 mmol) in ether 
(250 ml), were added CBr4 (6.2 g, 186 mmol) and PPh3 
(48.8 g, 186 mmol). After 4 hours, the mixture was filtered 
through Celite and evaporated in vacuo. The residue was 
purified by column chromatography (1:9 Et2O:Hexane) to 
give compound 12 (9.3 g, 55%) as a colourless oil. νmax 
3293 (s), 2954 (s), 2903 (s), 2858 (s), and 2118 cm-1 (m); 
δH 4.26 (2H, t J 2.0 Hz, CH2C≡CCH2O), 4.18 (2H, d J 2.3 
Hz, CH2C≡CH), 3.89 (2H, t J 2.0 Hz, CH2Br), 2.41 (1H, t J 
2.4 Hz, ≡CH); δC 85.8 (≡C), 81.0 (≡C), 79.1 (≡C), 75.6 
(≡CH), 57.2 (CH2O), 57.1 (CH2O), 14.5 (CH2Br); m/z (EI) 
187 ((81Br)M+, 100), 185 ((79Br)M+, 90); Found (ES) 
185.9681, (M+) C7H7O79Br requires 185.9680. 
4.7 Compound 8 
To a solution of 2,3-norbornen-5,6-diol11 (1.50 g, 11.9 
mmol), in dimethylformamide (15 ml) at 0 oC was added 
NaH (60% in mineral oil; 1.4 g, 35.7 mmol). The mixture 
was stirred for 1 hour at 0 oC, then bromide 12 (6.7 g, 35.7 
mmol) was added. The mixture was warmed to room 
temperature and stirred for 40 hours. After hydrolysis at 0 
oC with water (20 ml), the mixture was extracted with 
diethyl ether (4 x 120 ml) and evaporated in vacuo.  The 
residue was purified by flash chromatography 
(Hexane/Et2O 30/70) to give compound 8 (3.9 g, 95%) as 
an off white oil. νmax 3296 (s), 3059 (m), 2974 (s), 2901 (s), 
2857 (s), 2116 (m), and 1712 cm-1 (m); δH 6.18 (2H, t J 1.4 
Hz, =CH), 4.26-4.18 (10H, m, OCH2C≡CCH2OCH), 4.19 
(4H, d J 2.35 Hz, CH2C≡CH), 3.05 (2H, bs, =CHCH), 2.40 
(2H, t J 2.35 Hz, ≡CH), 1.44 (1H, dt J 9.6, 2.2 Hz, 
CHCH2CH), 1.16-1.12 (1H, m, CHCH2CH); δC 134.8 
(=CH), 83.7 (≡C), 81.7 (≡C), 79.2 (≡C), 78.4 (CHO), 75.5 
(≡CH), 57.7 (OCH2), 57.2 (OCH2), 56.9 (OCH2), 46.2 
(CH), 42.2 (CH2); m/z (CI) 356 (M+NH4+, 100), 336 (MH+, 
6); 272 (8), 250 (20); Found (CI) 356.1857, (M+NH4+) 
C21H26NO4 requires 356.1862. 
4.8 Metathesis of compound 8 to form compounds 17-19 
A solution of compound 8 (100 mg, 0.30 mmol) in dry 
dichloromethane (22 ml) was cooled to -78 °C and ethene 
was passed through the solution for 10 minutes. A solution 
of catalyst 1 (12.2 mg, 0.015 mmol) in dry dichloromethane 
(3 ml) was then added and after 15 minutes the mixture was 
warmed to room temperature and stirred for 48 hours. A 
solution of catalyst 1 (12.2 mg, 0.015 mmol) in dry 
dichloromethane (3 ml) was then added and the reaction 
stirred for a further 48 hours until all the starting material 
had been consumed. The solvent was then removed in 
vacuo and the residue subjected to flash chromatography 
(CH2Cl2/EtOAc) to give products 17-19. Compound 17, 
yellow oil: Yield (10 mg, 11%); νmax 3286 (m), 2934 (m), 
2859 (m), 2114 (w), 1641 (w), and 1610 cm-1 (w); δH 6.02 
(2H, d J 3.9 Hz, CH=C), 5.10 (2H, s, C=CH2), 4.98 (2H, s, 
C=CH2), 4.50 (2H, d J 15.0 Hz, CH2OCH), 4.23-4.02 (8H, 
m, CH2OCH  + =C-CH2O), 4.07 (4H, d J 2.4 Hz, ≡C-
CH2O), 2.38 (2H, t J 2.3 Hz, HC≡), 2.31 (2H, m, CH-
CH=), 1.99 (1H, dt J 12.1, 6.1 Hz, CHCH2CH), 1.52 (1H, q 
J 12.3 Hz, CHCH2CH); δC 140.2 (=C), 134.1 (=C), 124.0 
(=CH), 114.0 (=CH2), 79.6 (≡C), 77.0 (CHO), 75.0 (≡CH), 
71.0 (CH2O), 66.0 (CH2O), 57.2 (CH2O), 40.0 (CH), 36.4 
(CH2); m/z (CI) 384 (M+NH4+, 32); 372 (29), 297 (37), 278 
(84), 266 (46), 250 (100); Found (CI) 384.2172, (M+NH4+) 
C23H30NO4 requires 384.2175. Compound 18, colourless 
oil: Yield (21 mg, 20%); νmax 3301 (s), 2914 (s), 2850 (s), 
2245 (m), 2115 (w), 1725 (m), 1641 (m), and 1610 cm-1 
(w); δH 6.49 (1H, dd J 17.6, 10.9 Hz, H2C=CH), 6.03-6.02 
(1H, m, HC=C-C=CH2), 5.72 (1H, m, HC=C-C=C), 5.12 
(1H, d J 10.1 Hz, HC=CH2cis), 5.11 (1H, s, C=CH2), 4.98 
(1H, s, C=CH2), 4.93 (1H, d J 17.6 Hz, HC=CH2trans), 4.75-
4.71 (4H, m, =CCH2OCH2C=), 4.49 (1H, d J 18.7 Hz, 
H2C=CCCH2OCH), 4.45 (1H, d J 18.7 Hz, CHOCH2C-
C=C), 4.26-4.11 (6H, m, 2 x CHOCH2 + H2C=C-CH2O), 
4.07 (2H, d J 2.4 Hz, ≡CCH2O), 2.38 (1H, t J 2.3 Hz, 
≡CH), 2.4-2.3 (2H, m, CHCH2CH), 2.04 (1H, m, 
CHCH2CH), 1.58-1.52 (1H, m, CHCH2CH); δC 139.9 (=C), 
133.8 (=C), 132.9 (=C), 131.8 (=C), 131.4 (=C), 128.3 
(=CH), 126.6 (=CH), 123.6 (=CH), 117.0 (=CH2), 113.4 
(=CH2), 79.6 (≡C), 77.6 (CH2O), 76.8 (CH2O), 76.7 
(CHO), 76.6 (CHO), 74.6 (≡CH), 70.7 (CH2O), 66.9 
(CH2O), 65.7 (CH2O), 56.9 (CH2O), 39.6 (CH), 39.5 (CH), 
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36.2 (CH2); m/z (CI) 384 (M+NH4+, 16), 356 (M+, 57), 297 
(100), 278 (20), 250 (32); Found (CI) 384.2173, (M+NH4+) 
C23H30NO4 requires 384.2175. Compound 19, white solid: 
Yield (16 mg, 15%); mp 125 oC (decomp.); νmax 2934 (s), 
2850 (s), 2244 (w), 1621 (w), and 1610 cm-1 (w); δH 6.49 
(2H, dd J 17.5, 11.0 Hz, H2C=CH), 5.71 (2H, d J 3.7 Hz, 
CH-CH=C), 5.13 (2H, d J 11.2 Hz, HC=CH2cis), 4.94 (2H, 
d J 17.6 Hz, HC=CH2trans), 4.8-4.7 (8H, m, CH2OCH2), 
4.44 (2H, d J 15.0 Hz, CH2OCH), 4.24 (2H, d J 15.0 Hz, 
CH2OCH), 4.20 (2H, d J 4.7 Hz, CHO), 2.4-2.3 (2H, m, 
CH-CH=), 2.02 (1H, dt J 12.2, 6.2 Hz, CHCH2CH), 1.53 
(1H, q J 12.1 Hz, CHCH2CH); δC 131.7 (=C), 130.8 (=C), 
130.4 (=C), 127.2 (=CH), 125.3 (=CH), 116.1 (=CH2), 76.6 
(OCH2), 75.7 (OCH2), 75.6 (CHO), 65.8 (OCH2), 38.3 
(CH), 35.3 (CH2); m/z (CI) 384 (M+NH4+, 12), 351 (30), 
319 (15), 297 (100). 
4.9 Metathesis of compound 8 to form compounds 18 
and 19 
A solution of bis-diyne 8 (100 mg, 0.296 mmol) in dry 
dichloromethane (22 ml) was cooled to -78 °C and ethene 
was passed through the solution for 10 minutes. A solution 
of catalyst 1 (12.2 mg, 0.015 mmol) in dry dichloromethane 
(3 ml) was then added and after 15 minutes the mixture was 
warmed to room temperature and stirred for 24 hours. The 
addition of catalyst 1 (12.2 mg, 0.015 mmol) in dry 
dichloromethane (3 ml) and subsequent stiring for 24 hours 
was repeated a further 5 times. The solvent was then 
removed in vacuo and the residue subjected to column 
chromatography (CH2Cl2/EtOAc 70/30) to give compounds 
18 (19.5 mg, 18%) and 19 (38 mg, 35%). Analytical data is 
given in experiment 4.8. 
4.10 1-Bromo-5-oxa-nona-2,7-diyne 27 
To a solution of alcohol 2615 (2.66 g, 19.3 mmol) in Et2O 
(50 ml), were added CBr4 (12.8 g, 38.5 mmol) and PPh3 
(10.1 g, 38.5 mmol). After 4 h the mixture was filtered 
through Celite and evaporated. The residue was purified by 
column chromatography (1:9 Et2O:Hexane) to give 1-
bromo-5-oxa-nona-2,7-diyne 27 (2.85 g, 69%) as a 
colourless oil. νmax 3007 (s), 2954 (s), 2919 (s), 2854 (s), 
2293 (m), and 2226 cm-1 (m); δH 4.29 (2H, t J 2.0 Hz, 
H2CC≡CCH2O), 4.19 (2H, q J 2.2 Hz, H3CC≡CCH2O), 
3.95 (2H, t J 2.0 Hz, CH2Br), 1.87 (3H, t J 2.3 Hz, CH3); δC 
83.0 (≡C), 82.0 (≡C), 81.2 (≡C), 73.8 (≡C), 56.7 (CH2O), 
56.2 (CH2O), 13.8 (CH2Br), 3.3 (CH3); m/z (CI) 220 
(M(81Br)+NH4+, 92), 218 (M(79Br)+NH4+, 90), 172 (100), 
170 (63), 156 (52); Found (ES) 222.97206 and 224.97009, 
(M+Na+) C8H9OBrNa requires 222.97290 (79Br) and 
224.97085 (81Br). 
4.11 Compound 25 
To a solution of 2,3-norbornen-5,6-diol11 (0.50 g, 3.97 
mmol), in dimethylformamide (5 ml) at 0 oC was added 
NaH (60% in mineral oil; 0.48 g, 11.9 mmol). The mixture 
was stirred for 1 hour at 0 oC, then bromide 27 (2.01 g, 9.96 
mmol) was added. The mixture was warmed to room 
temperature and stirred for 40 hours. After hydrolysis at 0 
oC with water (10 ml), the mixture was extracted with 
diethyl ether (4 x 15 ml), dried (MgSO4) and evaporated in 
vacuo. The residue was purified by flash chromatography 
(hexane/Et2O: 30/70) to give compound 25 (0.65 g, 45%) 
as a colourless oil. νmax 3146 (w), 3067 (m), 2970 (s), 2855 
(s), 2293 (m), 2248 (m), and 1667 cm-1 (m); δH 6.25 (2H, t 
J 1.6 Hz, =CH), 4.29 (4H, t J 1.6 Hz, CHOCH2), 4.27 (4H, 
t J 1.6 Hz, CHOCH2C≡CCH2O), 4.29-4.25 (2H, m, CHO), 
4.21 (4H, q J 2.3 Hz, CH3C≡CCH2O), 3.12 (2H, bs, 
CHCH=), 1.87 (6H, t J 2.3 Hz, CH3), 1.50 (1H, dt J 9.7, 2.2 
Hz, CHCH2CH), 1.20 (1H, d J 9.4 Hz, CHCH2CH); δC 
134.8 (=CH), 83.6 (≡C), 83.4 (≡C), 82.1 (≡C), 78.4 (CHO), 
74.6 (≡C), 57.8 (OCH2), 57.6 (OCH2), 57.1 (OCH2), 46.2 
(CH), 42.2 (CH2), 4.0 (CH3); m/z (CI) 384 (M+NH4+, 100), 
367 (MH+, 5), 280 (33), 264 (67); Found (CI) 384.2172, 
(M+NH4+) C23H30NO4 requires 384.2175. 
4.12 Metathesis of compound 25 to form compound 28 
Bis-diyne 25 (100 mg, 0.27 mmol) was dissolved in dry 
toluene (20 ml) and ethene was passed through the solution 
for 20 minutes. A solution of catalyst 2 (23.2 mg, 0.027 
mmol) in dry toluene (7 ml) was then added and the 
mixture was stirred at 60 °C for 24 hours. The solvent was 
then removed in vacuo and the residue was purified by 
column chromatography (CH2Cl2/EtOAc 90/10) to give 
compound 28 as a transparent oil. Yield (14 mg, 11%); νmax 
2868 (s), 1939 (w), 1725 (m), 1676 (w), and 1599 cm-1 
(m); δH 6.00 (2H, d J 3.8 Hz, =CH), 5.19 (4H, s, =CH2), 
5.09 (2H, s, =CH2), 5.05 (2H, s, =CH2), 4.94 (4H, s, =CH2), 
4.50 (2H, d J 15.0 Hz, CH2OCH), 4.2-4.0 (12H, m, 
CH2OCH + CH2OCH2), 2.3-2.2 (2H, m, CH-CH=), 1.85 
(6H, s, CH3), 1.51 (2H, dt J 12.1, 6.1 Hz, CHCH2CH); δC 
144.2 (=C), 141.3 (=C), 141.1 (=C), 134.3 (=C), 123.8 
(=CH), 114.9 (=CH2), 113.8 (=CH2), 112.7 (=CH2), 77.0 
(CHO), 71.7 (OCH2), 71.4 (OCH2), 66.0 (OCH2), 40.0 
(CH), 36.4 (CH2), 21.4 (CH3); m/z (CI) 473 (M+Na+, 100), 
468 (M+NH4+, 95), 451 (MH+, 5); Found (ES) 468.3103, 
C29H42NO4 (M+NH4+) requires 468.3108. 
4.13 5,10-dioxa-tridec-12-ene-2,7-diyn-1-ol 30 
To a suspension of KOH (17.5 g, 312 mmol), in DMSO (65 
ml) were added bromide 119,10 (11.8 g, 62.5 mmol) and but-
2-yne-1,4-diol (26.9 g, 312 mmol). The mixture was stirred 
for 60 minutes, poured into water and extracted with 
dichloromethane (3 x 120 ml). The aqueous phase was 
acidified with aqueous HCl (4N, 100 ml) and further 
extracted with dichloromethane (3 x 120 ml). The 
combined organic phases were washed with H2O (2 x 100 
ml), then dried (MgSO4) and evaporated in vacuo. The 
residue was dissolved in Et2O (250 ml), washed with brine 
(3 x 40 ml), dried (MgSO4) and evaporated in vacuo. The 
residue was purified by distillation (136 oC, 17 mmHg) to 
give alcohol 30 as a colourless oil (8.8 g, 72.5%). νmax 
3400-3200 (br), 3082 (w), 2908 (s), 2856 (s), and 1647 
cm-1 (m); δH 5.90 (1H, ddt J 17.2, 10.4, 4.7 Hz, =CH), 5.30 
(1H, dd J 17.2, 1.6 Hz, =CH2trans), 5.22 (1H, dd J 10.4, 1.2 
Hz, =CH2cis), 4.29-4.28 (6H, m, CH2OCH2C≡CCH2OCH2), 
4.19 (2H, t J 1.7 Hz, CH2OH), 4.05 (2H, dt J 4.8, 1.2 Hz, 
OCH2CH=), 2.40 (1H, bs, OH); δC 134.2 (=CH), 118.4 
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(=CH2), 85.7 (≡C), 83.6 (≡C), 81.9 (≡C), 81.3 (≡C), 71.1 
(OCH2), 57.8 (OCH2), 57.4 (OCH2), 57.3 (OCH2), 51.4 
(OCH2); m/z (CI) 212 (M+NH4+, 100), 182 (15), 172 (29); 
Found (CI) 212.1285, (M+NH4+) C11H18NO3 requires 
212.1287. 
4.14 1-Bromo-5,10-dioxa-tridec-12-ene-2,7-diyne 31 
To a solution of alcohol 30 (3.66 g, 18.9 mmol) in Et2O (60 
ml), were added CBr4 (12.5 g, 37.7 mmol) and PPh3 (9.89 
g, 37.7 mmol). After 4 hours the mixture was filtered 
through Celite and evaporated in vacuo. The residue was 
purified by column chromatography (1:9 Et2O:hexane) to 
give bromide 31 (2.47 g, 51%) as a colourless oil. νmax 
3080 (s), 3008 (s), 2852 (s), 2276 (w), and 1650 cm-1 (m); 
δH 5.89 (1H, ddt J 17.2, 10.5, 5.7 Hz, =CH), 5.31 (1H, dd, J 
17.2, 1.5 Hz, =CH2trans), 5.22 (1H, dd J 10.4, 1.2 Hz, 
=CH2cis), 4.30 (2H, t J 1.9 Hz, OCH2C≡CCH2O), 4.28 (2H, 
t J 1.6 Hz, OCH2C≡CCH2O), 4.20 (2H, t J 1.8 Hz, 
BrCH2C≡CCH2O), 4.06-4.05 (2H, m, CH2CH=), 3.95 (2H, 
t J 2.0 Hz, CH2Br); δC 134.3 (=CH), 118.3 (=CH2), 83.5 
(≡C), 82.4 (≡C), 82.3 (≡C), 81.7 (≡C), 71.1 (OCH2), 57.7 
(OCH2), 57.3 (OCH2), 57.2 (OCH2), 14.4 (CH2Br); m/z 
(CI) 276 (M(81Br)+NH4+, 82), 274 (M(79Br)+NH4+, 87), 
196 (100), 179 (49), 164 (45); Found (CI) 274.0444, 
(M+NH4+) C11H17NO2Br requires 274.0443. 
4.15 Compound 29 
To a solution of 2,3-norbornen-5,6-diol11 (0.50 g, 3.97 
mmol), in dimethylformamide (5 ml) at 0 oC was added 
NaH (60% in mineral oil; 0.48 g, 11.9 mmol). The mixture 
was stirred for 1 hour at 0 oC, then bromide 31 (2.55 g, 9.92 
mmol) was added. The mixture was warmed to room 
temperature and stirred for 40 hours. After hydrolysis at 0 
oC with water (15 ml), the mixture was extracted with 
diethyl ether (4 x 15 ml), dried (MgSO4) and evaporated in 
vacuo. The residue was purified by flash chromatography 
(hexane/Et2O 30/70) to give compound 29 (1.96 g, 96%) as 
an off-white oil. νmax 3070 (m), 2975 (s), 2938 (s), 2854 (s), 
and 1647 cm-1 (m); δH 6.18 (2H, t J 1.7 Hz, CHCH=), 5.83 
(2H, ddt J 17.2, 10.4, 5.7 Hz, HC=CH2), 5.24 (2H, ddd J 
17.2, 3.2, 1.7 Hz, =CH2trans), 5.16 (2H, dd J 10.4, 1.4 Hz, 
=CH2cis), 4.3-4.2 (8H, m, ≡CCH2OCH2C≡), 4.20 (4H, t J 
1.7 Hz, CHOCH2), 4.18-4.17 (2H, m, CHO), 4.14 (4H, t J 
1.7 Hz, CH2OCH2CH=), 3.99 (4H, dt J 5.8, 1.3 Hz, 
OCH2CH=), 3.05 (2H, bs, CHCH=), 1.44 (1H, dt J 9.6, 2.2 
Hz, CHCH2CH), 1.35 (1H, d J 9.6 Hz, CHCH2CH); δC 
134.8 (CH=), 134.3 (CH=), 118.3 (=CH2), 83.7 (≡C), 83.3 
(≡C), 81.9 (≡C), 81.8 (≡C), 78.4 (CHO), 71.1 (OCH2), 57.8 
(OCH2), 57.7 (OCH2), 57.3 (OCH2), 57.2 (OCH2), 46.2 
(CH), 42.2 (CH2); m/z (CI) 496 (M+NH4+, 100), 479 (MH+, 
16), 320 (20); Found (CI) 496.2695, (M+NH4+) C29H38NO6 
requires 496.2699. 
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